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The Experience of Usmg IR Inspection Techniques
in Industrial Apphcatrons and Research

Tomsk Polytechnlc University, Vladrmlr P Vavilov, Vladimir G. Demin, Alexey G. Klimov
Abstract et
The thermal nondestructrve testlng (NDT) i of Tomsk Polytechnic University, Institute of
Introscopy, has gained the considerable exp fﬁusmg stationary and transient infared (IR)
thermography in technical diagnostics and matenals lnspectron The paper contains the short review of
the state-of-the-art of IR thermographic NDT, as well‘as the description of some particular applications.
A special attention is paid to the thermal NDT software developed by the authors.

1. Introduction . :

The ideas of infrared (IR) thermographrc di nostrcs ‘and nondestructive testing (NDT) can be
traced to the XIXth century when simple thermoprle detectors were used to detect remotely animals
and human beings (see theo ‘but comprehens ok" y,R. Hudson [1]). In 1914, Parker patented
the IR detector of icebergs, | 34 Barker'p poseq ] e IR technique to detect forest fires. The
analysis of hot rolled metals‘was one of‘the’ t%n]d trial IR applications (Nichols, 1935). The
modern techniques for determining thermal propertlesfof materials can be reduced to the Vernotte's
work' devoted to the analysis’of thermal’ propertresﬁ Quman skin [2]. In the 60s, the Swedish
company AGA (then-AGEMA | Infrared Systems,ano FSI, U.S.A)) started using IR thermography in
the inspection of electronic’ components In 1965% er roposed the prototype of modern transient
thermal NDT applied to the'inspectior of Polans rocket motor cases [3). In general, the 60s were
characterized by an explosive:growth of | in-particular, in predictive maintenance and
condition monitoring. Howe al.NDT for detecting material defects was
rather qualitative by that time ! NDT was produced when the classical theory
of heat conduction developed, y:Carslaw an s applied to the analysis of heat transfer
mechanism that occurs:in’solids with subst uch the ‘thermophysical’ approach was
used by Balageas [5), Vavilov and Taylor [6 nd Mirchandani {7] who introduced one-
two and three-dimensional thermal NDT models.

There are two main: apphcatron areas fo Hﬁt
maintenance and condition  monitoring), 2),
techniques are compared in Table 1.

rmography: 1) technical diagnostics (predictive
DT- of -materials. The main features of these

' L L e ' Table 1
Comparing technical diagnostics and thermal NDT
Feature Technical'diagnostics Nondestructive testing
The mechanism for creating Due to object functioning Due to external thermal
temperature signals AT over stimulation
defects e
AT amplitude 1-100°C 0.1-10°C
Dependence of AT on time ‘ AT=#F(1) | v AT = f(7)
The number of images to be Single images Image sequences
analyzed
IR camera performance . | Imaging or radiometric, portable | Radiometric, portable or
< ‘ stationary

This paper contains the. short review of the“ ktate of-the art of IR thermographic diagnostics and
NDT, as well as the description of some apphcatron areas where the authors have their personal
experience. A special attention will be pard to the thermal NDT software developed by the authors, A
more detailed information on the features and the applications of IR thermography can be found in
.the recent publications [8-11].

\;\\
2.IR Cameras
- An exhaustive description of IR cameras is beyond the scope of this paper. We shall limit ourselves
with the following statements related to modern IR cameras.
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= Recommended application areas -

3. Heaters

Heaters are necessary to stimulate the
d in.practice. The most
capable:to deliver a 3 kd
heating of 10.cm? to 1 m? areas.
pected exist for very short times
nuous operation delivering
ck objects where observation

typical are flash tubes and quartz lamps. ;
pulse of optical energy for 5-10 ms. A'setiof
Such heaters are optimal if the thermal processe: ,
(from few milliseconds to few seconds). Tubular quartz Jamps
power of 0.5-2 KW per a lamp. They are used in the inspectio
times are from seconds to minutes. - <
Thermal stimulation can be done by applying hot (cold)
by passing an electric current through'th
mechanical stresses caused by a cyclic.

etals can be also stimulated
ial case.is the analysis of

4. Thermal Technical Diagnostics
4.1. Summary*?ﬂ features
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e Objects of a complex geometry might have very complicated temperature patterns that can
serve as references in evaluating the quality of the objects. Surface temperature distributions
are typically static and their amplitude depends on the temperature difference between the
object and the environment.

e Inmany prac'ncal cases, decision making should be done by a trained operator who deals with
single IR images.

e In outdoor surveys, some external factors, such as: solar radiation, rain, snow, the presence of
neighbor hot objects, etc., might-essentially affect: |,n$peqt|on results.

e The main application areas are as follows: 1):evaluating building envelopes and building
ventilation systems, 2) detecting moist areas in-building roofs, 3) detecting forest fires, 4)
evaluating thermal insulation of furnaces, chemical reactors, etc., 5) detecting gas and oils
leakages from buried pipelines, 6) detecting water losses from city underground pipelines.

4.2. Applications

in Russia, a new federal law requires inspecting all: lndustnal installations that might represent a
potential danger to people and nature. This creates a'new: motivation to using IR thermography as a
fast non-contact tool of monitoring the operation of such technical installations where surface
temperature distributions are directly related to possible internal-defects. The authors have fulfilled
the inspection of several chemical reactors at Achinsk*Petrochemical Plant that is one of major
producers of gasoline in Russia. The IR thermogram in Fig. 1 shows that a lack of thermal insulation
between the reactor case and the protective aluminum cover Ieads to temperature gradients above
100°C.

Fig. 1. insulation deficiency in the thermal protectlon of the chemical reactor
(Achinsk Petrochemical Plant, Russia, the temperature gradient exceeds 100°C)

The IR thermographic inspection of buildings is another apphcatlon area that prowdes significant
economical benefits. This technique allows: 1) easy detection of air leaks and lacks of insulation, 2)
evaluation of wall thermal resistance, and 3) monitoring heat losses. Following the authors’
experience in using IR building thermography during the last decade, the Mayor of Sevérsk, that is a
medium-size city in the Tomsk region, where one of famous Russian nuclear station is located, has
issued the local law that requires IR inspecting of all new residential buildings (see Fig. 2). Recently,
the Gosstandard, that is the federal institution responsible for standardization and certification in
Russia, approved the building inspection guidelines developed by the authors [11}].

Smokestacks that are plentiful at Russian power stations and industrial enterprises must be
regularly checked for a lack of possible defects of which air in-leaks and lacks of internal thermal
insulation are most typical. The existing lnspectlon guidelines allow using IR thermography without
stopping smokestack operation. A smokestaqk is surveyed from 5-6 observation points resulting in a
panoramlc IR thermogram. The greatest temperature gradients (up to 10°C) are observed over air
in-leaks that look like cold (‘dark’) lines (Fig. 3). The computer analysis of experimental data allows
producing ‘ﬁ‘defect map that outlines significant surface and subsurface defects and can be used by
a building company as a repair map (Fig. 3). The authors have developed the inspection guidelines
that are being currently reviewed by the Gosstandard [13].




Fig. 2. A lack of‘mineral wool in the;ver,tlca",l;envelope‘jun; ion creates the vertical temperature gradient
up to 3.2°C (multi-store residential building in the City ki

Thermal insulation defect

Fig. 3. Inspecting the brick smokestack'with rﬁ(ﬂtiple airind oramic image

(Samara Petrochemical Plant, Russia, ambient temperature +15°C)

and ‘g:iefelct map
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5. Thermal NDT
5.1. Summary of features

e regarded as probing a
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*  The pulsed technique involves heating a'sample
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*  There is no principal difference between the above-mentioned techniques. A square pulse can
be represented as a combination of thermal “waves that are characterized by different
frequencies and, thus, penetrate samples to different depths. A phasegram can be considered
as a substitute for the corresponding timegram.

* There are the following techniques used within a pulsed procedure: 1) pulsed thermal wave
method (defect signals are captured at their:optimal observation time in the cooling stage), 2)
dynamic thermal tomography (signal time delays are used to ‘slice’ a sample by depth), 3)
time-resolved IR radiometry (is similar to-a/ pulsed method but typically implements long
heating; therefore, temperature signals are analyzed in the heating stage), 3) techniques that
use some integral transformations, such as Fourier, Laplace or wavelet (pulse phased
thermography is the most known technique). - :

¢ Thermal wave technique was originally:developed-as a photothermal method (a sample is
scanned point-by-point)..In thermal NDT, lock-in thermography has become known for the last

- decade (a surface temperature phase shift is-analyzed in each pixel to obtain phasegrams at
different frequencies). Rl

¢ Each technique described above should be: optimized by the parameters involved. The
comparison between different techniques.is:done by applying them to particular reference
samples. A signal-to-noise ratio can serve as:a universal comparison criterion.

¢ Low-conductive andfor thick samples -are‘to:be‘inspected by applying a one-sided test, while
high-conductive and/or thin samples can:be: y-applying both a one- and two-sided test.

* Low-conductive materials create temperature’:signals that exist for longer times without
significant lateral diffusion. Oppositely, inhigh-conductive materials, temperature signals
survive for shorter times and experience ‘s{groggi%l]eat:diffusion. However, the use of powerful
pulsed optical heaters in combination with:high-speed: FPA IR cameras allows capturing fast
thermal events thus providing a quality *of “images* comparable to those obtained with
ultrasonics. ‘

* In a one-sided procedure, temperature ‘signalst'strongly decrease with growing depth thus
allowing thermal NDT only for the detection:of shallow defects. Since defect depth strongly
influences on the observation time (or thermalswaveiphase), this fact is used for developing

defect characterization algorithms, such anjdynamicitherma/ tomography.

* A two-sided test is relatively-more sensitive tordefect'thickness, while changing defect depth
does not influence much on amplitude and tir ), (frequency) features of temperature signals.

* Due to heat diffusion phenomena, thermal’! \sDT"requires to inject a probing heat flux
perpendicularly to the main defect plane. Hence, uniform surface heating is more suitable for
detecting laterally extended defects, such as’delaminations, disbonds, etc. Detecting vertical

- cracks requires using point-like heating (photothermal - procedure).

° - Several defect characterization algorithms ‘are-available. The accuracy of depth profiling is
about 5-30%, while determining defect thickness' (thermal resistance) is characterized by a
worse accuracy of about 30-60%. The defect lateral size can be evaluated directly by defect
surface footprints, although some simple ‘procedures, such as measuring a haif-maximum
width, are also proposed. RRCAR ISR g

5.2.Thermal NDT software :

Several commercial computer ' programs intende
processes, such as Abaqus, Ansys, Matlab, Sam otc., can be used to simulate thermal NDT
problems. Such programs implement the ideas of mputer-Aided Design (CAD) and Computer-
Aided Modeling (CAM); they are flexible and allow'to‘'model objects of complicated geometries. The
‘disadvantages of commercial packages are as‘follows: 1) their accuracy, in particular, for short
temporal steps, is not guaranteed; 2) these programs are ‘expensive and require using of rather
powerful computers. o Ct

There are some specialized programﬂs‘used by world thermal NDT teams. These programs are not
well formalized and cannot be easily sHared with other users.

As a compromise between the above-mentioned programs, the Innovation, Inc. (Russia) has
developed the commercial package of simple programs intended for modeling thermal NDT
problems and processing experimental data. This package is shortly described in Table 3.

. . &i A
for'numerical modeling' of heat transfer
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Table 3

T software (Innovationlnc. Russia)
Dk M i i
Program I ___waiaDescription e j
S —-#::Modeling prqgrf[ﬁsw?w R
Muitilayer-3 s« Analytical’ soluti non-adiabaticksquare. pulss theating -of a three-layer
N plate .+ wige o o < : ! 7}_(,' ;.'- e I
ThermoCalc-2D Numerical solution+for-non-adiabatit heatingiof a disk-shaped body containing

a disk-shaped?defect (cylindrical
cosine-pulse heating) : ;
Thermal waves i

. o’ oY ST "" W
Convectioniandiradiation heat{ex

dimensional *g

gometry, square- and

jeatingtof a:t

ThermoCalc-3D Numerical -solutignifor: non-adiabatic
~ : like body containingiup totpineipa ralje
dimensional_?gggmgtry,"squar ]
Arbitrary heatingifunction .
All parameters can be modeledias siarbifral
Heating by using:both an.exgg;;@gﬂtgk:g‘
Producing a-synthetic;imagejséqUanes“i‘

e-pg_,lse heat

PR

al hreezlayer- paralielepiped-
epiped-like}defects (Cartesian three-

ing:and cooling)
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rarysfunctions of time
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= Dataiprocessingiprograms s st :

ThermidgePro Analyzing-image s,equences;r@go,;dad,sinx‘a»t,ransient th

Standard image:processing s TR
Thermal characterization of defects
Dynamic thermalztomography: i
Corrosionievaluation +  ilEHIEE Sl

ermal NDT test
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ThermoFourier Analyzingiimage sequences:recordediin
Performing{the; Fourier transforr ationi

Producinglimages.of phase &

i

‘aitransient thermal NDT test

ThermoStat | Analyzing statistical-features: of'é'ﬁg[é'giﬁlgges
Comparisonibetween a def_gaz’::t?i'{;’J ds

Producing:binary:defect mapsyyitiiiain
1 i S
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The theory and the basic expegmgﬁgts:onscorrosggqdeteg&on;pygusmg pul

were presented in [1 4]. Thet mo§t§§uccessful“'e§9;§e
inspection of thin aluminum pane}‘szx,cgq,ely‘.used,on‘iai‘rrc a

[@]@lei aircraft:

ptalkresults - have . been related to the

panels are shiny and

require black. painting, whileeaKUng\Q[g;pans;offm,lugggy airplanesrare typically. pre-painted, thus
) Ay algs

having a rather high emissivity.¥
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pest heaters for inspecting alumlnyzﬁlpams (see theitestische et Eﬁig:t@a).;Observation times can
be about 50-500 ms, therefore image/recording must be{done:inireal time..A minimum detectable

material loss has been reported about, 3:5%, but, 10 {'oUrgopinion:‘-a;m
criat v i, R e
within 15-20%. e R e

- The inspection of thick stesl samples, such as aboye;grou ditank
‘is another topic under intensivezdiscussion. The:problem wi;l]‘,jtn!;cl_g-.metals‘
energy needed to create reasonable. temperature s,ig;;g,ls shouldibe quite. h

hitubes .qslive;iﬂqgiﬁéezeg‘gggy@j;about_ 10kdJ for 5-10 ms are the

re realistic estimate should be

s;fimend'ed- for storing gas and oil,

is that the amount of
igh, therefore heating

should -be rather long that -might;:leadito.: smasb&gg’of'tgmpgqtgre gradients.. In such cases,

sophisticated data processing.can be.useful..For.examples
of a15 mm-thick steel sample .shown.in Fig. 4b r‘gy,e,ajg,tqg,,gleg&i,ndication

’gggém)g@ven heating, the source image

.of the corrosion site.

However, after having applied the thermal tomography: technique, the corrosion defect becomes

s

clearly visible (Fig. 4¢). N PR
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3 "* tand

' a-test scheme, ‘ :
" b-source image (35% material loss in a 15.mm- thrck steel sample; 1 kW/m2 heating for 300 s),
_ ¢c-thermal tomogram (computer processrng of the source sequence shown in b)

The test scheme shown in Fig, dais applied to the' mspectron of composite structures widely used
mf“aerosspace In [18), we’ have 'discussed: the’”potentralsmf ‘cutting-edge numerical modeling and
data’] processing in the inspection! of ‘graphite’ epoxy composrtes For example, we have shown that
thermal tomography can be helpfulin presentrng};ﬁe&ecﬂons of impact damages located at different
depths»ln this paper, we demonstrate advantagesgoﬂtgermal -tomography in the inspection of wall
frescos (see also [17]). Some recent results- obtamed 0 :the’cooperation with ITEF-CNR, Italy, are
presented in Fig. 5. Frescos represent & dlfflC tﬂobjectéforf«thermal NDT because of extremely
ungven heatrng determined by paints of different colors (Fig. 5a). The special procedure called
normallzat/on is typrcally used to- reduce uneven heatrngnphenomena Normalization is performed by
dividing'each image in a'sequence'by a chosen*lmage:where -heating patterns are present but defect
footprints are not seen (very often:the image taken@j‘,tre%end of flash heating serves as normalizing).
This' technlque is very useful.inthe |nspectron’of,composnes"but in the case of frescos its efficiency
is low because of long observation times and?stro%ngﬁlateral heat diffusion. For example, the
normalized thermogram m*FIgQSb‘ls charactenzed!byé’the"srgnal -to-noise ratio (SNR) equal only to
1.1%To% improve normalization’ ’)efflcrency, we have’frecentlyiproposed the method called 3D filtering
(or 3D normalization). The-idea’of this method. |sLto'fcreate4a replrca synthetrc sequence by using 3D
numerical! software, such’ as’f a "TherrnoCalc)xSDV rogram"idescnbed in Table 3. The synthetic
sequence:is calculated for'a'non -defect sample. but%usmg an'experimental image as a heating mask.
As® a”result the replica sequencetcontains allf “dynamlc; patterns of uneven heating but no defect
indications. Thersefore, by dividing-the i images: from‘the experimental sequence by the corresponding
rmages from the calculated sequence, it is possible to creats the third normalized sequence where
images are less subject to uneven heating phenomena £The example of such image is shown in Fig.
5c where the SNR value reaches 3.4. ﬂ@é’“'w‘il

W

a) " b) )
G Fig. 5. IR thermographic inspection of the wall fresco:
\',
AN .
™~ a-fresco (four subsurface detachments are shown),

b-optimal source image after conventional normalization, SNR=1.1,
¢c-maxigram after 3D filtering, SNR=3.4
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